Abstract: NiPd bimetallic systems were for the first time synthesized by laser electrodispersion (LED) of the Ni 77 Pd 23 alloy target followed by the deposition of produced bimetallic particles on a TEM copper grid and alumina granules. Selective area energy-dispersive analysis confirms the bimetallic nature of NiPd particles deposited on a TEM copper grid. Their mean size is 1.0 nm according to TEM. XPS data demonstrate that under deposition on alumina granules (total metal content of 0.005 wt.%), nickel in bimetallic particles nearly completely oxidizes to Ni 2+ species predominantly in the form of aluminate. At the same time major part of palladium (84 %) exists in Pd 0 but oxidizes to Pd 2+ (80 %) during 6 months storage in air. Both metals are deposited on the external surface of alumina granules and localized in the same areas. In situ reduction of both metals by H 2 in the catalytic cell of XPS spectrometer is hindered. Nickel is not reduced even at 450 °C, confirming the formation of NiAlO x , whereas palladium is reduced at higher temperatures compared to a similar monometallic catalyst. Nevertheless, NiPd/Al 2 O 3 catalyst is more efficient in gas-phase chlorobenzene hydrodechlorination at 150-350 °C than Ni/Al 2 O 3 and even Pd/Al 2 O 3 , and much more stable. The difference may be caused by the formation of new active sites due to the contact between Pd 0 and NiAlO x -modified support, and the protective action of spinel reacting with HCl by-product.
Introduction
As heterogeneous catalysts based on bi-and polymetallic nanocrystalline alloys are promising for the use in industrially important processes, the investigation of their catalytic action is very important for the development of fundamental concepts of catalysis [1] [2] [3] . A variety of methods of wet chemistry, such as impregnation, co-precipitation, ion exchange etc. are used for the preparation of supported metal-containing catalysts [4] [5] [6] [7] . These methods are cheap, convenient, and often well studied. The obvious advantages of 'wet' methods include fairly simple equipment and no restrictions on the nature of the catalytic support used. However, it is not always possible to achieve the desired dispersion, composition and appropriate loading of the catalytically active component, for example, nanoparticles of a catalytically active metal. As a result, the catalysts prepared by these methods do not fully realize the high potential inherent to the nature of the catalytically active component and support. Moreover, 'wet' synthesis is usually a multi-stage process that depends on many factors. They are not always reproducible and cause significant environmental impact. The development of novel 'dry' size-selective methods of producing nanoparticle of homogeneous composition remains an important problem.
In recent years an alternative way of producing nanoparticles from bulk metals using laser ablation into liquid has been attracting the increasing attention [8, 9] . 'Dry' physical top-down nanoparticle deposition methods are eco-friendly, and they can be used for 'green' one step synthesis of ligand-free nanoparticles for catalytic applications. But as the 'wet' chemistry methods, the most commonly used techniques of the laser ablation are unsuitable for the fabrication of densely packed layers of separated nanoparticles because nanoparticles closely-packed on the support surface tend to coagulate into larger aggregates. As a result, the size of metal nanoparticles usually increases with the deposition time or metal loading. Recently developed method of laser electrodispersion (LED) [5, 10] , which produces amorphous nanoparticles that are unusually stable to aggregation, allows overcoming this difficulty. This method does not require the use of solvents or stabilizers. In contrast to the conventional laser ablation technique, in which particles are formed by the condensation of separate atoms, LED method is based on the melting of a metallic target to produce liquid metal drops and the cascade fission of such drops in the laser torch plasma. As a result, nanoparticles of the strictly definite size determined only by the electron work function of the metal are formed [10, 11] . A distinctive feature of this method is the production of core-shell catalysts in which size selected metal particles are uniformly distributed only on the outer surface of support granules [12] . These particles are very promising for catalysis due to their optimal size, availability to reagents and improved stability against sintering and poisoning [10] . Besides, the adsorption and redox properties of LED-produced metal particles differ from those prepared by traditional methods, which makes LED nanoparticles attractive for the synthesis of nanomaterials with new and unique properties [6, 12] . The activity of monometallic LED catalysts with low (<0.01 wt.%) metal content is several orders of magnitude higher in a wide range of reactions than that of supported catalysts prepared by classical 'wet' techniques [10, 13, 14] . The unusually high activity of LED catalysts is apparently attributed to the structure of nanoparticle coatings produced by this method. The key features of LED catalysts are the high specific surface area of the active component associated with the small particle size, the purity of LED particle surface and the distribution of particles over the outer surface of the support. As a result, even catalysts with a low metal content are characterized by the high surface particle density (more than 0.5 monolayer) and a large number of particle contacts with the neighboring particles and the support. These inter-particle and particle-support interfaces are crucial for heterogeneous catalysis [4, [15] [16] [17] .
The choice of the active metals for the catalytic systems and the test reaction used in this work was dictated by several reasons. The hydrodechlorination (HDC) reaction (RCl + H 2 →RH + HCl) is of great interest because it can be used to neutralize and recover chlorine-containing organic products without releasing dioxins, which are dangerous for the environment, and with the retention of the hydrocarbon part of RCl molecules [18, 19] . HDC catalysts usually contain transition metals, with Pd being the most active one and very efficient in activation of the molecular H 2 [20] . However, Pd catalysts are expensive and prone to deactivation. Ni provides a good alternative to Pd due to its significantly lower price. But at the same time, it deactivates much more easily. The loss of activity during long-term catalytic test can be caused by the agglomeration of metal nanoparticles, the oxidation of metal reacting with the inevitable by-product of HDC -hydrogen chloride, and the formation of carbon deposits on the surface of the active metal [21] . In fact, LED method proved its efficiency in mitigation of deactivation problem. Pd and Ni LED catalysts are less prone to chlorination in HDC conditions. But supporting of Ni nanoparticles on oxides (e.g. Al 2 O 3 ) is accompanied by the strong interaction and encapsulation that cause a loss of potential activity, especially in the reaction conditions [10, 12] . The well-known approach that helps to enhance the catalyst stability is the modification of catalyst by a second metal. This approach was applied successfully for the conventional Pd-Fe [22] , Pd-Au [23, 24] , and Pd-Pt [25] HDC catalysts; promising results were reported for Pd-Ni systems [26, 27] . The second component not only helps to delay deactivation but can also interact with palladium to form new and more efficient catalytic sites.
By now few works have been devoted to the production of bimetallic catalysts by the LED method. Thus, in [10, 28] the LED method was used to produce bimetallic Au-Ni/Al 2 O 3 catalysts by the consecutive deposition of Au and Ni from monometallic targets on the support granules. The activity and stability of the LED catalysts in chlorobenzene hydrodechlorination [10] were found to depend on the order of metal deposition. More stable catalysts were produced by the first supporting of gold and then nickel; the reverse deposition order provided the higher initial activity of the bimetallic catalyst. However, in contrast to Au-Ni catalysts obtained by the reductive deposition of Au onto Ni [29] , no significant synergistic effects caused by the coaction of two metals was detected in the temperature range from 50 to 300 °C for Au-Ni LED catalysts. A synergistic effect in chlorobenzene HDC has been found for Au-Ni LED catalysts only at relatively high reaction temperature (350 °C) when the particle or atom mobility increases, and the restructuring of the catalyst surface becomes possible [10] .
In this study the laser electrodispersion of the Ni 77 Pd 23 alloy was for the first time used for the deposition of bimetallic nanoparticles on the surface of Al 2 O 3 granules. The efficiency of the produced catalyst and its monometallic counterparts was compared using gas-phase chlorobenzene HDC as a test reaction.
Experimental

Synthesis of the catalysts by LED
Bimetallic NiPd/Al 2 O 3 and reference monometallic Ni/Al 2 O 3 and Pd/Al 2 O 3 samples were produced by the LED technique. The physical principles of the LED method for controlled fabrication of monodisperse metallic nanoparticles are described in detail elsewhere [30] . The metal nanoparticles were deposited on γ-Al .95 %) were used as a source of metal nanoparticles to prepare bimetallic and monometallic catalysts, respectively. The metal loading was controlled by varying the deposition time according to the calibration curves [12] . Relatively uniform distribution of metal nanoparticles on the surface of alumina granules was achieved by their continuous stirring on a piezoceramic plate (total area of 3.14 cm
2 ) vibrating at the frequency of 16 kHz [12] . In each experiment 15 g of alumina were used. The catalysts were stored in air. To facilitate TEM investigation of the metal particles produced from the alloy target some control samples were prepared by LED method using TEM Cu grids as a support. In this case no stirring was applied. Additional details about the samples preparation by the LED method are provided in Supplementary Material, S1.
Sample characterization
Metal content in the catalysts was measured by the atomic absorption spectrometry (AAS) on a Thermo iCE 3000 spectrometer (Thermo Fisher Scientific Inc., USA). The catalyst (0.1 g) was treated with 10 ml of aqua regia (HCl:HNO 3 = 4:1) for 1 h. The solution was diluted with 90 ml of H 2 O. The metal content in the solution was calculated from its atomic absorption using the calibration curve for standard solutions, the atomic absorption of which was determined in the same experiment. According to AAS data, the NiPd/Al 2 O 3 sample comprises 0.0032 wt.% of Ni and 0.0018 wt.% of Pd. In monometallic reference samples, the content of metal (Ni or Pd) was 0.005 wt.%. The relative error in the metal content measurement was less than 1 %.
High-resolution transmission electron microscopy (HRTEM) investigation was carried out on a JEOL JEM 2100F/UHR (Jeol, Japan) microscope combined with a JED-2300 X-ray spectrometer for Energy Dispersive X-Ray analysis (EDS). To obtain a sample for analysis of alumina supported catalysts, the outer layer of granules was scraped off with a scalpel. Then scraped particles were ultrasonically dispersed in ethanol with the subsequent deposition of a drop of the suspension on a carbon-coated Cu TEM grid. Bright field (BF), annular dark field (ADF) and high-angle annular dark field (HAADF) modes were used for the TEM analysis of the composition and size distribution of metal particles. From 300 to 380 particles were processed to determine the particle size distribution. The elemental composition of nanoparticles was analyzed by EDS on the same TEM instrument operated in the STEM mode. The lattice d-spacing was calculated from the fast Fourier transformation (FFT) patterns of the planes visible in the high-resolution TEM image, using ImageJ software [31] . The assignment of the d-spacing to a certain reflection of crystalline particles was verified by the distance ratios and angles in the face-centered cubic (fcc) lattice.
XPS spectra were acquired on a Kratos Axis Ultra DLD spectrometer (Kratos Analytical, UK) using a monochromatic Al K α source (h = 1486.7 eV, 150 W). The pass energy of the analyzer was 40 eV. The binding energy scale of the spectrometer was preliminarily calibrated using the position of the peaks for the Au 4f 7/2 (83.96 eV) and Cu 2p 3/2 (932.62 eV) core levels of pure metallic gold and copper. The Kratos charge neutralizer system was used and the spectra were charge-corrected to give Al 2p peak a binding energy of 74.2 eV. To study the reduction of the NiPd/Al 2 O 3 catalyst, it was treated in situ in the high-pressure catalytic cell connected to the spectrometer vacuum chamber. For this purpose, the sample was placed in a quartz holder and heated in the cell in a flow of (5 % H 2 + 95 % Ar) gas mixture at 1 atm pressure up to a desired temperature with a heating rate of 5-10 °C/min. The following reduction temperatures and durations were used: 150 °C (20 min), 300 °C (30 min), and 450 °C (30 min). After reduction, the holder with the sample was cooled in the gas flow and transferred into the analytical chamber after pumping down the cell. The CasaXPS software was used for the background subtraction and fitting of the XPS spectra.
Catalytic tests
The catalytic properties of the samples were studied in HDC of chlorobenzene (Acros Organics, 95 %). The reaction was carried out in a flow type quartz reactor with a fixed catalyst bed using the procedure reported in [14] . In each catalytic test 50 mg of a catalyst was placed into the reactor and heated in H 2 flow (12 ml/min) up to a desired reaction temperature. Then the mixure of chlorobenzene vapor with hydrogen (molar ratio C 6 H 5 Cl: H 2 = 1:50) was passed through the reactor at a flow rate of 12 ml/min. Every 20 min, the reaction products were sampled from the reactor outlet and analyzed by GC on an Agilent 6890N chromatograph (30 m DBWax capillary column, flame ionization detector, the relative error in the peak area measurement was ±5 %). After achieving a constant conversion of chlorobenzene (deviations less than 1-2 %) at the fixed temperature, the reactant supply was terminated, and the temperature was raised to the next value in a flow of H 2 . The catalytic efficiency of the samples was evaluated in the temperature range of 100-350 °C by comparing the chlorobenzene conversion at different reaction temperatures.
Results and discussion
TEM/EDS analysis of PdNi nanoparticles on TEM copper grid
An important question of this study was: what kind of metal particles are formed during LED of bimetallic (Ni 77 Pd 23 ) and monometallic (Ni and Pd) targets? To confirm the possibility of bimetallic particles deposition, the sample specially prepared using a TEM copper grid as a support for NiPd particles was studied by TEM. The BF and corresponding ADF TEM images of this sample are shown in Fig. 1a and b. The dark areas in the BF TEM image that become bright in the ADF TEM image correspond to the metal-containing areas in the studied material. No large aggregates of metallic particles were found. The uniform distribution of fine metal nanoparticles is clearly seen in the presented images and from the narrow and unimodal particle size distribution histogram, depicted in Fig. 1c . The observed mean particle size is 1.0 nm, which is approximately twice smaller than the size of Ni and Pd particles formed by LED from the monometallic target [10] . The dispersion of particles was estimated from TEM data as an inverse value of the volume/surface mean diameter (d vs ) that is sensitive to the variation of small particle sizes. The dispersion was found to be 0.84 for PdNi/Al 2 O 3 , 0.41 for Pd/Al 2 O 3 , and 0.59 for Ni/Al 2 O 3 .
The elemental composition of supported metal nanoparticles was studied by the EDS spectroscopy in the STEM mode. As the thickness of the sample was small (since it is determined by the diameter of the deposited metal particles) X-ray absorption and secondary fluorescence were minimized during EDS microanalysis. Therefore, the accuracy of the EDS analysis and the spatial resolution for the selected areas of such thin samples are higher than those for thick samples. All the EDS spectra comprise Ni Kα (7.47 keV) and Pd Lα (2.83 keV) lines. They were acquired from one rectangular area of 17 × 13 nm 2 and nine arbitrarily chosen points. The analyzed areas and the corresponded relative elemental compositions are presented in Fig. 2 and Table 1 .
According to EDS, all the analyzed areas contain both Pd and Ni, which testifies the formation of bimetallic particles during LED deposition from the bimetallic PdNi target. Though the possibility of the presence of monometallic particles cannot be completely excluded, the EDS data demonstrate the predominance of bimetallic PdNi particles in the produced sample. The Ni/Pd ratio is significantly different in different analyzed spots, with the Ni atomic content being always higher than that of Pd. The calculated mean value of the Ni/Pd atomic ratio (Table 1 ) is 1.7 (1.5 for the rectangular area containing more than 100 particles) that is significantly lower than that in the PdNi target alloy (Ni/Pd = 3.3). The enrichment of bimetallic PdNi particles with Pd is a well-established fact [32, 33] but more typical for larger particles. In addition, the depth of EDS analysis is higher than the average metal particle size providing no possibility to compare the surface and bulk composition of produced bimetallic particles. The difference in the Ni/Pd molar ratio between the deposited particles and the target alloy can result from the nonuniform distribution of metals in the bimetallic target and its melted surface layer and from the partial segregation of metals during cascade fission of melted drops. The areas analyzed by TEM/EDS are very small, less than 1 nm 2 , and therefore these results may not be representative for the bulk composition of the sample. As it will be demonstrated below, the bulk AAS elemental analysis of the sample reveals higher Ni/ Pd ratio which is close to that in the target alloy.
One of the nanoparticles observed in the high-resolution TEM image (Fig. 3a) was chosen for the more detailed analysis, which reveals its crystalline structure (Fig. 3b) . The simulated electron diffraction pattern of this nanoparticle allows calculating the interplanar spacings d 1 and d 2 (Fig. 3c ). They were found to be 1.8 and 1.3 Å, respectively. Their ratio of 1.38 and the angle between the corresponding planes of 44° may be attributed to (200) and (220) planes of a face-centered cubic lattice (for the perfect fcc lattice the d(200)/d(220) ratio is equal to 1.41 and the angle between planes is 45°).
The calculated interplanar spacings for analyzed particle are between those for pure palladium and nickel, which confirms NiPd alloying. The composition of the alloy may be calculated using the Vegard's law:
where a(NiPd) is the calculated lattice constant of the alloy equal to 3.68 Å, a(Ni) is the Ni lattice constant equal to 3.52 Å, a(Pd) is the Pd lattice constant equal to 3.88 Å, and x is the Pd mole fraction in the alloy. According to these calculations, the relative Ni and Pd contents in bimetallic particle are 60 and 40 at.%, respectively. The calculated Ni/Pd molar ratio is within the range found by EDS analysis. The Ni-Pd binary system is known to form a continuous solid solution with a minimum in the liquidus [34] . In the LED method the surface layer of the initial bimetallic target is melted under the impact of high-power pulsed laser beam followed by the formation of laser torch plasma. The temperature of laser torch plasma reaches about 10 eV (approx. 1.16 · 10 5 K), so the initial drops coming to the laser plasma are charged negatively. Charged clusters tend to fission forming two charged fragments. This process continues until the surface tension force is compensated by the Coulomb repulsive one [30] . As a result of such cascade fission process the plenty of nanosized metal particles are formed. When NiPd alloy target is used as a metal source, the liquid drops knocked out from the NiPd alloy target by laser impulse are very likely to contain both metals. This is confirmed by TEM/EDS results that testify the absence of monometallic particles in the material deposited from the NiPd alloy.
The size of metal particles produced by LED mainly depends on the electron work function of the material [30] . The difference in the work function of the alloy and pure metals may be a reason for the different dispersion of supported particles obtained from pure metals and alloy; this difference also influences the composition of nanoparticles, produced from the alloy of two metals. The work function is determined by the nature of atoms on the surface of particle, which in turn depends on the energy of the surface. Strong influence of the disordered and stressed surface area of bimetallic nanoparticles may cause alloy segregation. To decrease the surface energy the most mobile element (Pd) will localize on the surface. The experimentally measured surface energy is 2.380 J/m 2 for Ni and 2.00 J/m 2 for Pd [35] , so the surface of NiPd alloy should be slightly enriched with palladium. This is consistent with the increased Pd content in LED-produced nanoparticles according to TEM-EDS compared to the composition of the NiPd target. But the energy of intermetallic Pd-Pd, Ni-Ni and Pd-Ni bonds should affect the distribution of metals in the particle. Considering the presence of both metals on the surface of melted drops produced by LED, the final size of bimetallic particles is expected to be quite different from that of monometallic particles produced from pure Pd or Ni target.
As the results presented in this section show, it is the bimetallic particles that are formed by LED method when bimetallic palladium-nickel target is used as a metal source. 
STEM/EDS analysis of NiPd nanoparticles deposited by LED on alumina
The STEM-EDS mappings of NiPd/Al 2 O 3 sample deposited by LED from NiPd alloy on alumina support are presented in Fig. 4 . In contrast to NiPd nanoparticles deposited directly on the flat TEM grid, in this sample Pd and Ni are not uniformly distributed over the support. For example, aluminum is clearly seen in the upper part of its mapping whereas palladium and nickel are almost absent in these areas. Probably these areas correspond to the bulk of the initial alumina granules, where metal nanoparticles are not deposited by the LED technique. At the same time Pd and Ni show very similar mappings. Besides, only a small fraction of metal particles is distinctly visible on the Al 2 O 3 surface. Due to their high contrast they can be attributed rather to Pd. Such a small number of visible metal particles in comparison with the Cu-grid supported sample can be explained by the oxidized state of the fraction of deposited metals (more probably, Ni) due to the chemical interaction with alumina or as a result of storage in air. The interaction of Ni with alumina during catalysts preparation is well known to result in the formation of both Ni oxide and aluminates [36] . These compounds are poorly visible in TEM images due to their low contrast with respect to alumina, especially when they are formed as a surface non-stoichiometric film. Therefore, it is impossible to accurately estimate the size of metal particles in alumina-supported sample from STEM data. It can only be affirmed that it does not exceed 4-5 nm (Fig. 4a) .
The TEM images of PdNi/Al 2 O 3 and the STEM-EDS results for some selected areas of this sample are presented in Fig. 5 and Table 2 . Similar to EDS mappings, some area attributed to the bulk of the initial catalyst granules do not contain Ni and Pd (Table 2 ). Simultaneous presence of both metals was found by EDS in three areas (Fig. 5b,c) and in six spots (from total 23) ( Table 2) . No areas were found in which only one of the deposited metals was detected. The mean Ni/Pd molar ratio calculated from EDS data is 2.8. This value is higher than that obtained for the NiPd sample deposited on a Cu grid, and closer to the Ni/Pd ratio in the target alloy (3.3). As it was mentioned above, the spatial resolution of EDS microanalysis depends on the thickness of the sample. Since the analyzed sample in the case of NiPd/Al 2 O 3 is thicker than that in the case of NiPd/(Cu-grid), the EDS spectra obtained at the same conditions correspond to the larger analyzed area of NiPd/Al 2 O 3 . Therefore, the results of EDS analysis of NiPd/Al 2 O 3 reflect the average composition of larger amount of material, which is close to the composition of the initial alloy. The Ni/Pd molar ratio found by AAS after complete dissolution of this sample is 3.2, which practically coincides with the composition of the initial target alloy. Summarizing the results obtained by TEM and AAS, it can be assumed that the LED deposition from the NiPd alloy on a Cu grid provides uniformly distributed small bimetallic particles, the composition of which slightly varies from particle to particle. Deposition on spherical alumina granules leads to the homogeneous distribution of both metals only on the outer surface of granules, so the sample for TEM analysis contained the surface areas of the initial granules comprising both metals and the areas from the bulk of the granules with no metal loading. A small number of visible metal particles in TEM images and a weak contrast of metal-containing areas relative to alumina suggest a partial oxidation of metals in contact with the alumina support. Earlier such oxidation of Ni supported by LED on alumina was observed in [15] .
XPS analysis
To reveal the oxidation state of the deposited metals in NiPd/Al 2 O 3 , as-prepared and stored in air for 6 months catalysts were investigated by XPS. The changes in the oxidation state of metals under in situ hydrogen treatment were also studied.
The relative content of elements in as-prepared NiPd/Al 2 O 3 is shown in Table 3 . The XPS Ni/Pd ratio is much higher than that found by EDS. Since palladium is predominantly observed in the metal state whereas nickel -in the oxidized form, the discrepancy in the composition obtained by EDS and XPS can be explained by the difference in the photoelectron escape depth which is larger for oxides than for metals.
The Ni2p XPS spectra of as-prepared, stored in air and in situ hydrogen reduced NiPd/Al 2 O 3 are presented in Fig. 6 . These spectra were fitted by Ni 2+ and Ni 0 components (Table 4 ). The Ni2p XPS spectra for all NiPd/Al 2 O 3 samples are very similar. The intense shake-up satellites in the spectra confirm the presence of the Ni 2+ oxidation state. But the line shape and the position of the Ni2p 3/2 peak (856.0-856.5 eV) are different from those of NiO (854.5-854.8 eV) [37] . At the same time the observed spectra are close to that of nickel aluminate (856.2-856.3 eV) [38] and Ni(OH) 2 (856.1-856.2 eV) or other oxidized Ni species (856.5 eV) resulted from the interaction of Ni(OH) 2 with palladium [39] . The separation between the main and satellite peaks in the spectra is about 6 eV, which agrees with that of nickel aluminate. According to [40] the separation of 6.3 ± 0.3 eV is typical for Ni bonding in aluminate, whereas for nickel in NiO it equals to 7.1 ± 0.1 eV.
Nickel in all samples is predominantly in the oxidized Ni 2+ form, most likely in the aluminate surface phase. A small amount (3 %) of Ni 0 (Ni2p 3/2 binding energy of 852.6 eV) was detected only in the as-prepared NiPd/Al 2 O 3 sample. The fitting of the Ni2p XPS spectra yielded less than 1 % of Ni 0 after hydrogen treatment of NiPd/Al 2 O 3 at 150, 300 and 450 °C, which is below the detection limit. Therefore, oxidized Ni in NiPd/Al 2 O 3 is very resistant to reduction. Such stability is typical for nickel-alumina spinel that usually starts to reduce only at 600 °C [41] . In contrast, NiO reduction temperature is in the range of 300-450 °C depending on the particle size and their distribution in the bulk and on the surface of a support.
As-prepared monometallic Ni/Al 2 O 3 LED sample also comprises almost 100 % of nickel in the Ni 2+ oxidation state. But its Ni2p XPS spectrum differs from those of as-prepared and air-stored NiPd/Al 2 O 3 [6] . It , the reduction at 350 °C led to a new peak in the Ni2p XPS spectrum of monometallic sample characteristic for metallic nickel [6] . After treatment at 450 °C up to 50 at.% of Ni 2+ was reduced to Ni 0 . So Ni 2+ in monometallic catalyst can be reduced much easily, possibly due to the presence of surface NiO which is much more prone to the reduction than nickel-alumina spinel predominated in the bimetallic sample.
The Pd3d XPS spectra of as-prepared, stored in air, and hydrogen reduced NiPd/Al 2 O 3 are presented in Fig. 7 . To reveal the contribution of oxidized (Pd n+ and Pd
2+
) and zero-valent (Pd 0 ) species, the spectra were fitted by three components. The asymmetric component at the binding energy of 335.5 eV corresponds to Pd 0 , whereas the symmetric component at the binding energy of 336.6 eV can be attributed to Pd 2+ in PdO, and Table 4 . The as-prepared NiPd/Al 2 O 3 sample contains a large fraction of metallic palladium (72 %), which decreases to 14 % after prolonged storage in air. Hydrogen treatment at 150 °C results only in partial reduction of oxidized Pd. The increase of treatment temperature leads to a significant reduction of Pd (up to 85 % at 450 °C) (Table 4) . Moreover, even after high temperature reduction the Pd3d lines of NiPd/Al 2 O 3 remain broader than they are observed in metal Pd, which indicates incomplete Pd reduction. Note that the similar treatment of monometallic Pd/Al 2 O 3 LED sample at 150 °C leads to a nearly complete reduction of Pd 2+ to Pd 0 (See Supplementary Material, S2, Fig. S2 ). Thus, according to XPS data not only Ni, but also Pd in NiPd/Al 2 O 3 is less reducible in comparison with monometallic counterpart probably because of the interaction with the alumina surface. The deposition of bimetallic nanoparticles from NiPd alloy target on alumina results in the formation of nickel aluminate species completely resistant to hydrogen reduction up to 450 °C, while deposition from Ni target provides the formation of not only spinel, but also NiO that can be reduced much easier. The major part of palladium in as-prepared NiPd/Al 2 O 3 is in metal state, but it is very prone to oxidation during storage in air. Only a small part of palladium participates in the formation of aluminate under the interaction with the alumina support.
The decomposition and oxidation of bimetallic particles during their deposition on alumina are caused by the strong interaction of highly dispersed metal particles with the support. It is possible to assume that Pd nanoparticles in as-prepared NiPd/Al 2 O 3 are located on the surface of Al 2 O 3 and decorated by the thin layer of nickel aluminate. Usually, the coexistence of Pd and Ni oxides on alumina facilitates Ni reduction lowering the reduction temperature by 30-150 °C [43] . The stability of Ni 2+ to hydrogen reduction confirms the strong interaction of nickel with alumina in the case of bimetallic sample. The possible encapsulation of PdO with compounds comprising Ni 2+ species in NiPd/Al 2 O 3 may hinder Pd +2 species reduction in contrast to monometallic Pd/Al 2 O 3 . It should be noted that the LED deposition provides nearly atomically homogeneous distribution of nickel and palladium as well as their close contact with each other and the surface of alumina. A large number of these contacts enhances the role of interactions between all components of catalytic systems resulting in new properties of LED material. 
Catalytic properties in chlorobenzene hydrodechlorination (HDC)
The as-prepared NiPd/Al 2 O 3 sample was tested as a catalyst in the vapor-phase continuous-flow chlorobenzene HDC and compared with its monometallic counterparts. Despite the extremely low metal content (0.005 wt.%) in the catalysts, they were active in HDC reaction. No metal loss was observed during catalytic test. The temperature dependencies of the steady-state conversion are shown in Fig. 8a . Ni/Al 2 O 3 demonstrated the lowest catalytic activity in the whole temperature range. Benzene was the only organic product in the presence of this catalyst. Both Pd-containing catalysts showed similar catalytic activity, while benzene and cyclohexane were detected as organic reaction products. The steady-state values of selectivity for Pd/ Al 2 O 3 and NiPd/Al 2 O 3 depended on the reaction temperature. The selectivity of cyclohexane formation at 50 and 100 °C, that is at low chlorobenzene conversion, was about 80 and 50 %, correspondingly. Starting from 150 °C the cyclohexane selectivity significantly dropped to about 6 % at 150 °C and then decreases to [10, 14] . In our work for Ni/Al 2 O 3 last three points in the plots, for which the chlorobenzene conversion is stable within ±5 %, were used to calculate the average steady-state conversions that are plotted vs temperature in Fig. 8a .
Much higher stability demonstrated Pd/Al 2 O 3 , on which conversion decreases from 85 to 70 % within 220 min. The bimetallic catalyst is the most stable one as the decrease of chlorobenzene conversion is less than 5 % after 175 min time-on-stream.
Monometallic Ni/Al 2 O 3 shows the least catalytic activity in whole temperature range. As it was mentioned above, initial chlorobenzene conversion for Ni/Al 2 O 3 is relatively high but this catalyst rapidly deactivates under reaction condition before reaching the steady-state conversion values. Pd-containing catalysts are more active at temperatures higher 150 °C. For both Pd-containing catalysts the steady-state conversion of chlorobenzene increases from 40 to 50 % at 150 °C to more than 90 % at higher reaction temperatures due to the acceleration of the reaction according to the Arrhenius equation. In addition, as it was found by in situ TPR in the catalytic cell of the XPS spectrometer, Pd 2+ (18 % in as-prepared sample, according to XPS) starts to reduce at temperatures higher than 150 °C. The reduction of Pd 2+ to Pd 0 leads to the increase in the number of catalytically active sites. To compare LED systems with the catalysts, prepared by common 'wet' methods, we calculated TOF value at 150 °C for 6 % Ni/Al 2 O 3 catalyst prepared by wet impregnation and tested in similar conditions [44] ; it was only 14.4 h −1 (see Table S1 ). The comparison of the temperature dependences of chlorobenzene conversion on this catalyst and on LED-prepared samples, described in this work, at the same reaction conditions is shown in Supplementary Information, S3, Fig. S3 .
So, bimetallic NiPd/Al 2 O 3 outperforms the comparative monometallic Pd/Al 2 O 3 in chlorobenzene conversion at 150-200 °C and in stability despite the lower Pd content (0.0018 and 0.005 wt.% Pd, respectively) and higher resistivity of Pd to the reduction with H 2 . A possible reason for this difference is the formation of new active sites on the interface between palladium and nickel aluminate. The presence of nickel can also ensure higher dispersion of Pd and its more uniform distribution over the surface of a support. The uniform distribution of metals at the atomic level provides the high concentration of active sites and the effective use of catalytically active metals.
The chlorination of metal by hydrogen chloride is usually considered as the main reason for HDC catalysts deactivation [18] . The high operation stability of NiPd/Al 2 O 3 observed in our study is probably attributed to the protective properties of nickel-alumina spinel. In bimetallic catalysts HCl can react with the surface of nickel aluminate phase, thus preserving the Pd 0 sites required for catalysis. Nickel aluminate is much more stable to the action of HCl in comparison with NiO [45] . The improvement in the stability of Ni/Al 2 O 3 catalyst due to nickel aluminate formation that prevents strong interaction between HCl and metallic nickel was mentioned in [46] for 1,1,2-trichloroethane hydrodechlorination.
The TEM, XPS, and catalytic test results presented in this work allow suggesting the mechanism of catalyst formation during LED deposition from NiPd alloy. The laser beam knocks out large bimetallic drops from the surface of the target. Under their cascade fission tiny melted droplets of PdNi alloy are formed. The composition, that is the Ni:Pd ratio, is most probably slightly different for different droplets due to phase instability that grows in the nano-range, and due to the temperature effects. In case of NiPd nanoparticles supported by LED on a TEM Cu grid no significant oxidation of alloy components is expected. In contrast, during LED deposition on the surface of Al 2 O 3 a significant part of NiPd nanoparticles decomposes due to the almost complete and rapid oxidation of nickel in contact with alumina, which results in the formation of Ni 2+ species. The higher dispersion of Ni in bimetallic nanoparticles in comparison with monometallic ones provides predominant nickel aluminate formation confirmed by XPS. Due to the difference in the composition of bimetallic particles observed in PdNi/Cu-grid the Pd particle size distribution in bimetallic catalyst may be wider than in its monometallic counterpart. When Ni is extracted from bimetallic particles due to the interaction with support, smaller or bigger Pd particles are formed, depending on the initial Ni:Pd ratio in each droplet. Tiny Pd particles are easily oxidized [47] so the total amount of Pd 2+ and Pd n+ in as-prepared NiPd/Al 2 O 3 is 28 % ( Table 4) .
The atomic restructuring of bimetallic particles was earlier observed in [17] . Under LED on Al 2 O 3 it leads to the formation of bifunctional active sites consisted of neighboring Pd 0 and Ni 2+ species. Ni 2+ species readily form NiCl 2 by the interaction with Cl atoms adsorbed on the catalyst surface after destruction of Cl-C bond during HDC on Pd 0 sites located in the close vicinity. Pd 0 is also responsible for the activation of molecular hydrogen required for the substitution of Cl in the adsorbed chlorobenzene molecule. Activation of hydrogen on Pd 0 sites is usually accompanied by the spillover of activated hydrogen species on a support. For the alumina-supported metals, hydrogen atoms formed on the metal particles by the dissociative adsorption of H 2 can spillover onto alumina through the action of surface hydroxyl groups [48] . The efficiency of hydrogen spillover process enhances on the nanosized Pd particles with high surface energy [49] . Besides, the presence of new active sites at the interface between Pd and Ni-containing oxide species in NiPd/Al 2 O 3 provides more favorable conditions for the adsorption and activation of reactants. Such processes are under active study in the hererogeneous catalysis [1, 4, 50] . In contrast, when only Ni droplets are colliding with alumina surface, NiAlO x layer formed between the droplet and alumina softens their interaction. As a result NiO is formed in the significant amount in addition to nickel aluminate. NiO can be easily reduced to form Ni 0 that is active in hydrodechlorination. But its chlorination in contact with HCl by-product cause the encapsulation of the active particles with NiCl 2 and fast deactivation [14] .
Conclusions
The formation of bimetallic particles produced by laser electrodispersion of the Ni 77 Pd 23 alloy target was found to be affected by the support nature. On a TEM Cu grid support the uniform distribution of about 1 nm bimetallic size-selected PdNi particles was observed. But the Ni/Pd ratio is different for different particles and its mean value is lower than that in the target alloy. This may result from the Pd enrichment of the surface of bimetallic target melted by a laser beam or from the inhomogeneity of the bimetallic target.
In contrast, when alumina granules are used as a support the decomposition of alloy particles takes place. The main reason for the bimetallic particles decomposition is their high dispersion and strong interaction with alumina. The Ni/Pd molar ratio in NiPd/Al 2 O 3 measured by AAS is close to that in the target alloy. According to EDS, both metals are located in the same areas. Most likely, uniformly distributed on the alumina surface Pd particles are decorated by the thin film of nickel aluminate. Highly dispersed Nicontaining species in NiPd/Al 2 O 3 are not reduced by H 2 even at 450 °C, as it was shown by in situ TPR experiments in the catalytic cell of the XPS spectrometer. Possibly because of their small size Pd particles are easily oxidized during storage in air. Not only Ni, but also Pd in NiPd/Al 2 O 3 are much more resistant to reduction than in the similar monometallic catalysts. Reference Pd/Al 2 O 3 sample with somewhat higher metals loading (0.005 wt.% in Pd/Al 2 O 3 against 0.0018 wt.% Pd in bimetallic catalyst) contains larger nanoparticles with the size of about 2 nm.
Intrinsic core-shell structure of PdNi/Al 2 O 3 LED catalyst provides high accessibility of deposited metals for reagent adsorption and activation during continuous-flow vapor-phase HDC of chlorobenzene by H 2 . As a result, NiPd/Al 2 O 3 catalyst with very low metal-loading (0.005 %) shows high chlorobenzene conversion to benzene (87 % at 200 °C), much higher than that on a similar monometallic Ni/Al 2 O 3 and even Pd/ Al 2 O 3 catalysts with a twice higher Pd loading. The probable reasons for the high chlorobenzene conversion on NiPd/Al 2 O 3 catalyst are the formation of new active sites on the interface between palladium and nickel aluminate and the difference in the dispersion of palladium in nanoparticles. The stability of NiPd/Al 2 O 3 is also much better than that of its monometallic counterparts. Such enhancement can be explained by the protective action of nickel-containing compounds that interact with the adsorbed chlorine species formed during dissociative chemisorption of chlorobenzene. This interaction prevents chlorination of Pd 0 that is unfavorable for the H 2 activation.
Highlights
-Bimetallic NiPd nanoparticles were produced by laser electrodispersion of the Ni 77 Pd 23 alloy.
-The mean size of NiPd particles supported on TEM Cu-grid is about 1 nm. -Core-shell NiPd/Al 2 O 3 nanocomposite was synthesized. -NiPd/Al 2 O 3 shows high efficiency in chlorobenzene hydrodechlorination.
-New active sites on the interface of palladium/nickel aluminate are formed.
